Nearly half a century ago, Carl Woese (1928 Woese ( -2012 , working at the University of Illinois, developed a new molecular method of determining phylogenetic relatedness. Long before sequencing of genes, let alone genomes, became routine, he used 6-nucleotide fragments from digests of the 16S ribosomal RNA to fi ngerprint a wide range of species and draw phylogenetic trees based on the novel analyses.
After a few years, it emerged that a group of methane-producing bacteria clustered separately from all other species analysed. Although they had been considered to be bacteria up to that point, these microbes were as different from other bacteria as they were from mice and men. Based on these fi ndings, Woese suggested in 1977 that the tree of life should be divided into three domains, namely eukarya, bacteria and archaebacteria, which later became shortened to archaea.
Additions to the new domain came mainly from those researchers who sampled in extreme environments hitherto considered inhospitable, from the polar ice caps to the hot springs of Iceland and Yellowstone, and from the Dead Sea to the newly discovered black smokers on the ocean fl oor. Apart from the methanogens, salt-loving species like the halobacteria, record-beating hyperthermophiles like Pyrococcus furiosus and thermo-acidophiles like Sulfolobus solfataricus swelled the ranks of the archaea. Thus, the pioneers of extremophile biology like Karl-Otto Stetter at Regensburg, Germany, and Holger Jannasch (1927-1998) in Woods Hole, USA, embraced the new phylogeny, but many of the more traditional microbiologists, especially in the USA, defended the old order in
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Archaea cloaked in mystery
Archaea were only belatedly recognised as a fundamental domain of life on equal rank with bacteria and eukaryotes. Important discoveries concerning their ecology, physiology and evolution are still being made. Their highly unusual membranes, in particular, hold the promise of shedding light on the last universal common ancestor and the origins of energy metabolism. Michael Gross reports. which everything without a nucleus was classifi ed as a prokaryote.
It was only after the fi rst genome sequence of an archaeon, Methanococcus jannaschii, was published in 1996 that the doubts were laid to rest. After the belated recognition for Woese's new world order, archaea could begin to fi nd their rightful place in the family tree of life. Genome research showed that eukaryotes derive from both bacteria and archaea, but the nature of the connection remained elusive. Alphaproteobacteria are considered a plausible candidate group for the bacterial symbiont, the vestiges of which we see in today's mitochondria.
However, the presumed archaeal host was harder to fi nd, because only a small fraction of archaeal biodiversity has been cultivated and studied in depth, and because there appeared to be a large gap between the inferred complexity of the common ancestor of eukaryotes and the relative simplicity of archaea and bacteria. The situation is improving now as metagenomics of environmental samples has broadened the range of known archaea.
Recently, a group of scientists led by Thijs Ettema at Uppsala University, Sweden, discovered the new group of Lokiarchaeota as the closest prokaryotic relatives of eukaryotes which evolved from the fusion with bacteria (Nature (2015) 521, 173-179). Identifi ed from environmental genome sequencing, these as yet uncultivated archaea feature a number of genes hitherto considered specifi c for eukaryotes, including those for cytoskeletal components such as actin. Based on the genome information, the Lokiarchaeota are both the closest relatives to eukaryotes known and a plausible host that could have acquired and kept alphaproteobacteria as intracellular symbionts.
The likely late arrival of eukaryotes means that the deepest division in the tree of life is the one between archaea and bacteria. Thus, only comparisons between these two domains can lead to insights regarding the common ancestor of all life on Earth, affectionately known as LUCA (last universal common ancestor).
Different cloaks
Archaea and bacteria, and thus also their eukaryotic offspring, share most of the fundamentals of cell biology, including the use of DNA, RNA and proteins, as well as the genetic code that connects these biopolymers. The most conspicuous difference between both domains is the composition of the cell membranes. Membrane components consist of a hydrophilic head group and long hydrophobic tails. In archaea, the chemical composition of both head group and tail is unusual, and the way in which both are connected is different as well. While all other living cells use glycerol-3-phosphate esters of long-chain fatty acids, archaea stand out as their membranes are made of glycerol-1-phosphate ethers of branched isoprenoids, i.e. branched carbohydrates.
This dramatic difference has inspired a variety of hypotheses concerning the nature of LUCA's cell boundary. It has been proposed that the ancestor had no membrane, a poorly defi ned one, or one that was a mixture of the two types observed today.
In support of the last possibility, the groups of Arnold Driessen at the University of Groningen and John van der Oost at the University of Wageningen, both in the Netherlands, have succeeded in creating a variant strain of Escherichia coli with a mixed membrane containing both types (Proc. Natl. Acad. Sci. USA (2018) https://doi. org/10.1073/pnas.1721604115).
Improving their methodology in comparison to previous efforts, which had successfully introduced the ether lipid synthesis into the bacterium but only produced less than 1% archaeal ether lipids in the E. coli membrane, the authors now report up to 30% archaeal lipids in the membrane. Surprisingly, the bacteria also coupled the ether lipids to a glycerol-1-phosphate head group, as in archaea, in contrast to the glycerol-3-phosphate found with bacterial fatty acid chains. As bacteria don't normally use glycerol-1-phosphate head groups, their ability to synthesize this isomer was unexpected and warrants further research into the mechanisms involved.
The bacteria with the hybrid membrane showed an extended lag phase before they resumed growth, but then continued to grow at comparable rates to the wild type. They even displayed a slightly increased robustness towards a range of stress conditions tested, including heat, freezing, and exposure to the organic solvent 1-butanol. As archaea are often found in extreme environments, this fi nding could be relevant to the conditions under which the domains split.
The experimental results disprove earlier hypotheses suggesting that mixed membranes may be thermodynamically unstable. By contrast, it now appears that an ancestor with a mixture of both types could have thrived even in some of the more inhospitable conditions assumed to have prevailed during the early evolution of life on Earth. As a collateral benefi t of their investigations into early evolution, the authors also suggest that the mixed membranes may become useful in biotechnological settings where fermentation has to be combined with extreme conditions.
Energy solutions
Given that archaea and bacteria contrast so sharply in the composition of their membranes, it is quite surprising that one type of membrane protein is universally conserved and clearly attributable to LUCA, namely the ATP synthase (F o F 1 ATPase), which links energy metabolism to the fl ow of protons (or, in some cases, sodium ions) across a membrane. Intriguingly, this complex molecular machine from the dawn of life rotates like a mill wheel to convert fl ow into chemical energy. But what use was it to LUCA, which hadn't even optimised the structure of its membrane?
In 2014, the group of Nick Lane at University College London, UK, found a surprising solution to the ATP synthase paradox. In the absence of any other ion channels, the researchers posited, the ATP synthase could only have served to exploit natural pH gradients, such as those that occur for instance in alkaline thermal vents at the interface between the vent stream and the surrounding sea water (PLoS Biol. (2014) 8, e1001926) .
Lane and colleagues developed a model of a primitive cell exploiting such a gradient with the help of ATP synthase and found that its functioning depended on a leaky membrane. An ancestral lipid bilayer without a hydrophilic phosphoglycerate headgroup may have let protons pass through using a chain reversal mechanism. A proton binding to the acyl group of the fatty acid and neutralising the charge would enable the chain to fl ip around and thereby deliver the proton to the other side.
The London team could show that such a mechanism would enable a simple cell to extract its energy from a natural pH gradient. The next step would have been the invention of the sodium-proton antiporter (SPAP), which brings in sodium ions. Today's ATP synthase enzymes are typically specifi c for either protons or sodium ions, but this specifi city can easily be switched by mutations and has changed many times in their evolution.
Lane and colleagues calculated that the SPAP would have enabled cells to exploit gradients that were 50 times weaker than those needed with ATP synthase alone. This meant the microbes could colonise a wider range of habitats and diversify into new species from which eventually bacteria and archaea evolved. Both lineages separately evolved a way to seal the leaky membranes with glycerol phosphate headgroups. Both made the connection based on the prochiral metabolite dihydroxyacetone phosphate. As it happened, the different enzymes they evolved attacked the ketone from different sides and thus led to the stereochemical difference in the head groups we see today.
Archaeal ancestors
Although environmental genomics studies have marginally improved the situation, archaea are still underappreciated and very poorly understood. They often live in remote and challenging environments that are diffi cult to reproduce in the laboratory, they are very challenging to cultivate at least with the established methodology honed for bacteria, and they are not known to cause human diseases, although they have recently been detected as natural participants in the skin microbiome, as Christine MoisslEichinger from the Medical University of Graz, Austria, and colleagues have reported (Sci. Rep. (2017) 7, 4039) .
For all of these reasons, their ecological role isn't fully understood and their importance is probably still underestimated. With the recent insights suggesting that they are our ancestors and the missing link between the fi rst eukaryote and LUCA, there should be all the more reason to study them more thoroughly and to keep asking why they are so different from the life forms with which we are more familiar. The answers will not only reveal new insights about microbial diversity but also about our own evolution.
